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Many studies have evaluated biomass behavior in a gasification process. Similar studies with torrefied 
biomass are needed to evaluate the improvements in biomass properties with torrefaction. This forms 
the basis of this study. A two-stage biomass gasification model is presented by using Aspen Plus as the 
simulation and modeling tool. The model included the minimization of the Gibbs free energy of the pro¬ 
duced gas to achieve chemical equilibrium in the process, constrained by mass and energy balances for 
the system. Air and steam were used as the oxidizing agent in the process that uses both untreated and 
torrefied biomass as feedstocks. Three process parameters, equivalence ratio (ER), Gibbs reactor temper¬ 
ature and steam-to-biomass ratio (SBR), were studied. 27 cases were included in the analysis by operat¬ 
ing the system below the carbon deposition boundary with all carbon in gaseous form in the product gas. 
Product gas composition in the form of hydrogen (H 2 ), carbon monoxide (CO), carbon dioxide (C0 2 ), 
methane (CH 4 ) and nitrogen (N 2 ) was analyzed together with cold gas energy and exergy efficiencies 
for all the cases. Overall, mole fractions of H 2 , CO, C0 2 and N 2 were between 0.23-0.40, 0.22-0.42, 
0.01-0.09 and 0.14-0.36 for torrefied wood and 0.21-0.40, 0.17-0.34, 0.03-0.09 and 0.15-0.37 for 
untreated wood, respectively. Similarly, cold gas energy and exergy efficiencies were between 76.1- 
97.9% and 68.3-85.8% for torrefied wood and 67.9-91.0% and 60.7-79.4% for untreated wood, respec¬ 
tively. Torrefied biomass has higher H 2 and CO contents in the product gas and higher energy and exergy 
efficiencies than the untreated biomass. Overall efficiencies of an integrated torrefaction-gasification 
process depend on the mass yields of the torrefaction process. Results from this study were validated 
using a C-H-0 ternary diagram and with results from other similar studies. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass is one of the most important renewable energy sources 
in the near future. Increased use of biomass can extend the lifetime 
of our fossil fuel resources. The potential of biomass to help meet 
the world energy demand has been widely recognized. However, 
problems such as low bulk density, high moisture content and rel¬ 
atively low calorific value, make biomass an expensive fuel to use 
and hinder its widespread use. Researchers are looking into solu¬ 
tions to overcome these drawbacks and thus, improve the proper¬ 
ties of biomass as a fuel. A lot of research is underway to improve 
the fuel quality of biomass via torrefaction. Torrefaction is a pre¬ 
treatment method to upgrade raw biomass to a refined fuel with 
improved properties such as higher heating value and carbon con¬ 
tent and improved grindability. Torrefaction is carried out at 200- 
300 °C for 30-60 min, in an inert environment at atmospheric 
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pressure. Torrefaction results in the following main improvements 
in the biomass properties [1-14]: 

• considerable reduction in the moisture content; 

• increased heating value due to reduction in the O/C ratio, and 
increased energy density when compressed; 

• intrinsic conversion of the hygroscopic behavior of raw biomass 
into the hydrophobic behavior of torrefied biomass; 

• enhanced grindability, which results in less energy consump¬ 
tion during milling. 

Because of these improved properties, the value of the torrefied 
biomass as a fuel is significantly higher than that of the raw 
biomass. 

A promising way to use biomass for production of heat, electric¬ 
ity, and other biofuels is through biomass gasification, in which, 
through a partial oxidation, the biomass is converted into synthesis 
gas and condensable compounds. During the gasification the 
chemical energy of the biomass is converted to the thermal and 
chemical energy of the synthesis gas [15]. Gasification achieves a 
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high carbon conversion rate for the formation of syngas [16,17]. 
Clean synthesis gas (syngas), produced from partial combustion 
of biomass, can e.g. be burnt in a gas turbine combustion chamber 
to run a biomass based combined cycle power plant [18]. Biomass 
can be gasified in various ways by properly controlling the mix of 
fuel and oxidant within the gasifier. The gasification of coal and 
biomass began in the 1800s, and by the 1850s, gas light for streets 
became common. Due to its high efficiency with respect to syngas 
formation, it is desirable that gasification becomes increasingly 
applied in the future for biofuels production rather than direct 
combustion [19]. 

Many studies have evaluated biomass behavior in a gasification 
process. Puig-Arnavat et al. [16] reviewed the various gasification 
models based on thermodynamic equilibrium, kinetics and artifi¬ 
cial neural networks. According to Puig-Arnavat et al. [16], thermo¬ 
dynamic equilibrium models have been used widely. For example, 
Schuster et al. [20] studied the fluidized bed process with main 
focus on steam gasification; Altafini et al. [21] studied a saw dust 
gasifier to analyze the operating conditions of an open top strati¬ 
fied downdraft gasifier; Melgar et al. [22] used an equilibrium 
approach and studied the influence of fuel/air ratio and the mois¬ 
ture content of the biomass on the characteristics of the process 
and the producer gas composition; Jarungthammachote and Dutta 
[23,24] used a modified stoichiometric equilibrium approach by 
accounting for a deviation factor from experiments to three types 
of gasifiers: a central jet spouted bed, a circular split spouted bed 
and a spout-fluid bed; Yoshida et al. [25] applied a two-stage equi¬ 
librium model for a high temperature gasification process to pre¬ 
dict the performance of commercial gasifiers. Similarly, Ghassemi 
et al. [26], Altafini et al. [21], Bassyouni et al. [27], Ravikiran 
et al. [28] and Li et al. [29] studied the biomass gasification process 
by an equilibrium approach based on the minimization of Gibbs 
free energy. All these authors have shown reasonable agreement 
between equilibrium predictions and experimental data. Commer¬ 
cial tools such as Aspen Plus are also very useful in predicting the 
behavior of a biomass gasification process as a sub-model with 
built-in solids properties. Mansaray et al. [30] used Aspen Plus to 
simulate a dual-distributor-type fluidised-bed rice husk gasifier. 
Paviet et al. [31] studied thermo-chemical equilibrium modeling 
of a biomass gasification process. Based on these studies, it can 
be concluded that an equilibrium model with Gibbs free energy 
minimization approach in Aspen Plus is an acknowledged and real¬ 
istic way of simulating a biomass gasification process. 

In a few recent studies, it has been reported that torrefied bio¬ 
mass can significantly affect the efficiency of biomass gasification. 
Chen et al. [32] employed a process optimization technique, the 
Taguchi method, for identifying optimum levels for process 
parameters involved during co-gasification of torrefied biomass 
and coal in an entrained flow gasifier. In another study, Chen 
et al. [33] numerically simulated an entrained flow gasifier with 
oxygen as the gasifying agent and the results indicated that the 
gasification performance of torrefied bamboo is quite similar to 
that of coal. Furthermore, Kuo et al. [34] evaluated a two-stage 
gasification process for raw and torrefied bamboo by using Gibbs 
minimization approach under isothermal conditions in Aspen Plus 
simulations. It was reported that the carbon conversion and syn¬ 
gas yield was higher for torrefied materials than the raw biomass, 
whereas, the trends for cold gas efficiency were opposite. Torr¬ 
efied biomass produced at 250 °C was found to be the most fea¬ 
sible fuel for gasification when considering all process 
parameters together. However, this study did not account for 
tar formation and assumed char as a pure carbon. Except for 
these few studies, there is a considerable lack of information on 
the behavior of torrefied biomass under gasification conditions 
and therefore, better knowledge on the topic is needed. This 
forms the basis of this present study. 


The present work extends the efforts of Kuo et al. [34] to estab¬ 
lish a detailed equilibrium model for understanding the effect of 
torrefaction on the syngas compositions and efficiency of the bio¬ 
mass gasification process. The aim is to study a two-stage gasifica¬ 
tion process by using Gibbs free energy minimization approach in 
Aspen Plus with improved accuracy together with a comprehen¬ 
sive thermodynamic analysis. A two-stage process refers to the 
pyrolysis or decomposition of biomass in the first stage followed 
by the gasification of the pyrolysis products in the second stage. 
Accuracy of the model is improved by including tar formation dur¬ 
ing pyrolysis and its further cracking in the gasification reactor; 
actual experimental decomposition yields as inputs for both 
untreated and torrefied biomass; the compositions of the chars 
produced during pyrolysis, as calculated from the elemental bal¬ 
ance; and a C-H-0 Ternary diagram for validating the results. 
The model is integrated with an Excel spreadsheet to study the 
energy and exergy efficiencies of the process at different operating 
conditions of the gasifier. Exergy analysis of a process is a supple¬ 
ment to energy analysis and is based on the 2nd law of thermody¬ 
namics. It is a very useful tool to assess work potentials of input 
and output materials and heat streams, and to pinpoint irrevers¬ 
ibility losses in a system. Ptasinski [35 studied exergetic efficiency 
analysis for gasification of biofuels which includes wood, vegetable 
oil, sludge, and manure. Rao et al. [36] reported results from an 
investigation of the change in exergy content of the produced gas 
in gasification for various biomass sources. Pellegreni et al. [37] 
studied the parametric effect on exergy efficiency by considering 
the influence of many variables inherent to the model, such as: 
gasification temperature, moisture content, and air temperature, 
among others. Abuadala et al. [38] presented an exergy analysis 
of hydrogen production from gasification. Hosseini et al. [39] also 
compared energy and exergy for steam fed and air fed gasification 
systems using sawdust as a fuel. The present study can be regarded 
as a maiden attempt to carry out a thermodynamic and exergetic 
efficiency analysis of a gasification process using Gibbs free energy 
minimization approach in Aspen Plus for comparing untreated and 
torrefied biomass. Overall efficiencies of an integrated torrefac- 
tion-gasification process are also provided by including mass yield 
in the torrefaction process. 

2. Methodology 

The Gibbs free energy minimization method for the C-H-O-N 
atom blend of the biomass fuel and oxidant mixture can be applied 
for predicting the thermodynamic equilibrium composition of the 
product gas major components: H 2 , CO, CH 4 , C0 2 , H 2 0, N 2 and char 
[40-43]. A thermodynamic equilibrium model for a biomass gasi¬ 
fication system was developed using the Gibbs minimizing 
approach in the Aspen Plus software as shown in Fig. 1. Material 
and energy streams data from the Aspen Plus model were used 
to calculate cold gas energy and exergy efficiencies of the process. 

2.1. Aspen Plus model 

In Aspen Plus, streams represent mass or energy flows. Mass 
streams are divided by Aspen Plus into three categories: mixed, 
solid, and non-conventional (biomass). Mixed streams contain 
mixtures of components, which can be in gaseous, liquid and solid 
phases. The solid phase component in this simulation is solid car¬ 
bon (C). Thermodynamic properties are defined in the Aspen Plus 
libraries for chemical components. Non-conventional components 
are defined in Aspen Plus by supplying standard enthalpy of forma¬ 
tion and the elementary composition (ultimate and proximate 
analyses) of the components [44]. Biomass is characterized in this 
manner in this study. 
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Fig. 1. Gasification process as modeled in Aspen Plus in this study. 


2.1.1. Subsystems 

The following sub-systems were included in the modeled gasi¬ 
fication process: 

(a) Aspen Plus heat exchanger, HEATER, was used to simulate 
pre-heating of the biomass to a pyrolyzer temperature of 
500 °C. 

(b) Aspen Plus yield reactor, RYIELD, was used to simulate 
decomposition of biomass into individual elemental compo¬ 
nents at 500 °C. This is done by specifying actual experimen¬ 
tal yield values for volatiles and char, as available in 
literature [45]. 

(c) Aspen Plus Gibbs reactor, RGIBBS, was used for partial com¬ 
bustion of volatiles and char with the addition of air and 
steam. RGIBBS models chemical equilibrium by minimizing 
Gibbs free energy, subject to element balance constraints. 
This model is useful when temperature and pressure are 
known and reaction stoichiometry is unknown. Both iso¬ 
thermal and adiabatic modeling options are available in 
the setup of the RGIBBS. Temperature or the heat duty for 
the RGIBBS unit needs to be specified for these options, 
respectively. A number of approximations need to be applied 
for estimating the heat duty for an actual reactor. Therefore, 
in order to simulate more closely the real conditions in a 
gasifier, an isothermal approach was used in this study. 

(d) Aspen Plus heat exchanger, HEATER, was used to simulate 
cooling of syngas from RGIBBS temperature to ambient 
temperature. 

2 A 2. Model input data 

Based on a recent literature review, only one journal article by 
Wannapeera et al. [45] listed an experimentally obtained pyrolysis 
gas composition for both untreated and torrefied biomass. There¬ 
fore, the feedstocks used by Wannapeera et al. [45] have been used 
for this present simulation study. Proximate and ultimate analysis 
data for the feedstocks and the pyrolysis product yields at 500 °C 
are listed in Tables 1 and 2, respectively. Torrefied biomass was 
produced at 250 °C with 30 min of residence time. Starting from 
the ultimate analysis of biomass and mass fractions of all elements, 
the biomass formula C a iH a2 O a3 N a 4 was calculated by assuming 
that ai is equal to 1.0 by the following Eqs. (l)-(3) [42]: 

_ mass fraction(H) x Molecular weight(C) n ^ 

° 2 - mass fraction(C) x Molecular weight(H) ' ' 


_ mass fraction(O) x Molecular weight(C) ^ 

° 3 - mass fraction(C) x Molecular weight(O) 

_ mass fraction(N) x Molecular weight(C) ^ 

° 4 - mass fraction(C) x Molecular weight(N) ' 

Based on Eqs. (l)-(3), formulas for the feedstocks are calculated: 
Biomass CH 1 . 77 Oo. 63 No. 012 ; torrefied biomass CH 1 . 45 Oo. 57 No.on. 

2A3. Key process variables 

It has been reported that the optimal gasification operation 
involves operating a gasifier at or below the carbon boundary 
point, that means that all carbon is present in the gaseous phase 
as carbon monoxide, carbon dioxide or methane [46]. This theory 
has been applied for this study as well and all the 27 tested cases 
have carbon in its gaseous form. This is the basis for selecting the 
ranges for the three process variables listed in Table 3. ER is 
defined as the amount of air added relative to the stoichiometric 
air requirement for combustion and SBR is defined as the ratio of 
steam to biomass molar flow rates. 

Steam is added to the system to improve the hydrogen produc¬ 
tion and thus increase the syngas quality [42]. Each of the 27 cases 
will be referred to using these three process variables, as SBR-GB- 
ER, in this study. 

2A A. Assumptions made for Aspen Plus simulation and efficiency 
calculations 

(a) All gases behave ideally. 

(b) The process occurs at steady state, and residence time was 
not considered. 

(c) Biomass mass flow rate was calculated for a 10 MW fuel 
input plant. 

(d) Air was introduced to RGIBBS at ambient temperature and 
pressure. 

(e) Saturated steam was introduced to RGIBBS at 179.9 °C and 
10 bar pressure. 

(f) Atmospheric pressure was assumed in all equipment. 

(g) The process was assumed to be autothermal and the pres¬ 
sure drop and heat losses from the equipment and pipelines 
were not included. 

(h) Ambient conditions data for each stream was collected from 
Aspen Plus in order to have consistent values for the refer¬ 
ence conditions in the physical exergy calculations. 
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Table 1 

Proximate and ultimate analyses of the samples [45]. 


Sample 

Proximate analysis 3 


Ultimate analysis 3 



HHV b 


VM 

fC 

Ash 

C H 

O 

N 


Leucaena 

86.1 

13.1 

0.8 

50.1 7.4 

41.8 

0.7 

20.3 

Torrefied Leucaena 

82.2 

16.9 

0.9 

53.0 6.4 

39.9 

0.7 

21.2 


a % (m/m), dry basis. 
b MJ/kg, dry basis. 


Table 2 

Pyrolysis products yield as input to RYIELD [45]. 


Sample 

Pyrolysis product molar yield at 500 °C 



Char 

h 2 o 

Tar 

CO ch 4 

co 2 

Leucaena 

0.20 

0.20 

0.40 

0.019 0.001 

0.18 

Torrefied Leucaena 

0.29 

0.16 

0.34 

0.029 0.001 

0.18 


Table 3 

Tested ranges for process variables that resulted in 27 cases. 

Process variable 

Low 

Mid 

High 

SBR 

0.2 

0.3 

0.4 

Gibbs (GB) Temperature (°C) 

900 

1000 

1100 

ER 

0.1 

0.2 

0.3 


(i) No physical exergy is associated with biomass as these were 
assumed to be at ambient temperature and pressure. 

(j) Minor products such as sulfur species (e.g. S, COS and H 2 S) 
and nitrogen species except N 2 were not included in the 
chemical exergy of the streams as these are present, rela¬ 
tively speaking, in very negligible amounts. 

(k) Kinetic and potential exergies were ignored in the analysis. 

(l) No work exergy was included in the exergy analysis. 

(m) All biomass feedstocks were completely dry. 

(n) Tar was considered as a mixture of 70% secondary (phenol), 
14% tertiary-alkyl (xylene) and 16% tertiary-PNA (benzene) 
components on mass basis [47,48]. Based on the previous 
studies on tar cracking, it was assumed that tertiary-PNA 
component is not cracked at all and tertiary-alkyl compo¬ 
nent is 80% cracked at the temperatures conditions used in 
this study [48]. In addition to this, untreated biomass is 
assumed to have 10% aqueous phase acid (acetic acid), 
which remains un-reacted in RGIBBS [49]. For the torrefied 
biomass, these acids were assumed to be removed during 
torrefaction. Char composition of pyrolyzed biomass (from 
both untreated and torrefied biomass) was calculated from 
the elemental carbon, hydrogen and oxygen balance based 
on the assumed tar composition. 

2.2. Methods for cold gas energy and exergy efficiencies 

The cold gas efficiency of gasification in an allothermal plant is 
defined in Eq. (4) [40]: 

n = _ LHVcoidgas _ 

/energy,coldgas T HVu +0-4-0 K ’ 

1 v biomass i vdair ' vCsteam 

where LHV co id g as is the heating value of the outgoing (product) heat 
stream; LHV b iomass, Qsteam and Qair are the heating value and heat 
contents of incoming biomass, steam and air streams, respectively. 
Exergy is the maximum work that can be produced when a heat or 
material stream is brought to equilibrium relative to a reference 
environment, which consists of reference components and which 
is characterized by absence of pressure and temperature gradients. 


Exergy associated with a material stream is expressed as the sum of 
its physical and chemical exergies. 

The total exergy of a material stream is given by Eq. (5) [40,50]: 

E = N(e ph + £ ch ) (5) 

where N is the flow rate. The molar physical exergy of a material 
stream is expressed in relation to the reference environmental con¬ 
ditions as shown in Eq. (6) [40,50]: 


£ ph = (h-ho)-To(s-So) ( 6 ) 

Mole flows, mole fractions, enthalpy and entropy of each mate¬ 
rial stream were taken from the Aspen Plus flowsheet results. The 
standard environmental conditions of Aspen Plus (T 0 = 25 °C, 
p 0 = 1.013 bar) were adopted as reference conditions in the study. 
The molar chemical exergy of a gaseous material mixture is given 
by Eq. (7) [40,50]: 

£ch,gas — + RToT^ lnx, (7) 

i i 


where x* is the mole fraction and £ 0 ,i is the standard molar chemical 
exergy of each component i, in J mol -1 . The latter is available in lit¬ 
erature for the reference atmospheric composition [51]. 

The chemical exergy of solid fuels (biomass and torrefied prod¬ 
uct) was calculated with the help of the ratio of the chemical exer¬ 
gy to the lower heating value of the dry matter as shown in Eq. (8) 
[52]. This ratio is a function of the elemental contents of the solid 
fuel. 


<Pdry 


^dm 

h LHV dm 


( 8 ) 


For dry solid fuels with a certain content of oxygen, the ratio of 
chemical exergy to lower heating value for the dry matter is 
expressed in Eq. (9) [52]: 


<Pdry 


1.0438 + 0.1882? - 0.2509? (1 + 0.7256?) + 0.0383? 
1 -0.3035? 


( 9 ) 


Here, h/c is the ratio of hydrogen mass to carbon mass in the fuel, 
and n/c and o/c correspondingly for nitrogen and oxygen. This 
expression is valid for o/c from 0.667 to 2.67, and is expected to 
be accurate within ±1%. Using Eqs. (5)-(9), exergy was calculated 
for all material streams in the flow sheet. The exergetic efficiency 
of gasification in an autothermal plant is defined in Eq. (10) [40]: 

n __ £cold g as _ no) 

'exergy,coldgas c , p . , p V AW ) 

^-biomass i wir \ ^steam 


where E C oid g as is the outgoing (product) exergy stream, and E b i 0m ass. 
Esteam and E air are the incoming biomass (or the torrefied biomass), 
steam and air exergies. 

Table 4 lists the standard chemical exergy and standard lower 
heating values of the gases that form syngas [53-55]. 
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Table 4 

Standard chemical exergy and LHV values of gases. 


Reference data 

CO (g) 

C0 2 (g) 

h 2 (g) 

n 2 (g) 

H 2 0 (g) 

Standard chemical exergy (MJ/kmol) 

275.1 

19.87 

236.1 

0.72 

9.5 

Standard LHV (MJ/kg) 

10.112 

0 

119.96 

0 

0 


3. Results and discussions 

3.1. Syngas compositions 

Mole fractions of hydrogen (H 2 ), carbon monoxide (CO), carbon 
dioxide (C0 2 ), and nitrogen (N 2 ) in the syngas generated from all 
27 cases are shown in Figs. 2-5. For improved understanding for 
the readers, the effect of the three process variables SBR, GB Tem¬ 
perature and ER on these mole fractions is shown separately in 
Figs. 6-8, where two of these variables are fixed and one is varied. 
In previous studies in the literature, methane production decreases 
sharply at temperatures above 500 °C [22,56]. Similar trends were 
observed in this study and negligible amounts of methane is pro¬ 
duced (mole fractions close to 1 x 10 -5 ) since the temperatures 
tested are close to 1000 °C. Therefore, the methane content is not 
reported in these results. Table 5 lists the trends for the syngas 
content based on increase in any one of the process variables. 

These trends are explained in terms of common gasification 
reactions as listed below (Eqs. (11)—(18)) [57]. Heat of reactions 
are provided in the brackets for these reactions, with minus sign 
for exothermic and plus sign for endothermic reactions: 


Char partial combustion reaction 
C + 0.5O 2 = CO (-111 MJ/kmol) (11) 

Boudouard reaction 

C + C0 2 ^>2C0 (+172 MJ/kmol) (12) 

Water gas reaction 

C + H 2 O^CO + H 2 (+131 MJ/kmol) (13) 

Methanation reaction 

C + 2H 2 CH 4 (-75 MJ/kmol) (14) 

CO partial combustion reaction 

CO + 0.5O 2 = C0 2 (-283 MJ/kmol) (15) 


H 2 partial combustion reaction 


H 2 + 0.5O 2 = H 2 0 (-242 MJ/kmol) 

(16) 

CO shift reaction 


CO + H 2 0 +=+ C0 2 + H 2 (-41 MJ/kmol) 

(17) 

Steam-methane reforming reaction 


CH 4 + H 2 0 CO + 3H 2 (+206 MJ/kmol) 

(18) 


As reactions (11)—(14) have carbon in solid state, applicability of 
these reactions is up to the carbon boundary point. These reactions 
can explain the differences in the gasification behaviors of torrefied 
wood and untreated wood based on their carbon contents. Since 
approximately 70-80% devolatilization of biomass has already 
occurred in RYIELD (experimental values from Wannapeera et al. 
[45]), the main reactions happening in RGIBBS are the gas phase 
reactions (15)—(18). 

3.1.1. Effect of increase in SBR 

The main reaction by an increase in SBR is the CO shift reaction 
where CO reacts with steam (H 2 0) to form C0 2 and H 2 . This results 
in decrease of CO and increase of C0 2 and H 2 production. 

3.1.2. Effect of increase in GB Temperature 

Increase in Gibbs reactor temperature also involves the CO shift 
reaction but in the opposite direction. As the CO shift reaction is 
exothermic (heat of reaction = -41 MJ/kmol), increase in tempera¬ 
ture results in the formation of CO and H 2 0 from C0 2 and H 2 . 

3.1.3. Effect of increase in ER 

Increase in ER results in CO and H 2 partial combustion where 
these two gases react individually with oxygen to form C0 2 and 
H 2 0, respectively. Also, air increases the nitrogen content of syn¬ 
gas. These two reactions result in increased C0 2 and H 2 0 produc¬ 
tion and decreased CO and H 2 contents. 


0.45 


H 2 Mole fractions (dry basis) ■ Torrefied wood 

■ Wood 


0.4 

C 0.35 

O 


u 



SBR-GB-ER 

Fig. 2. Hydrogen mole fractions on dry basis for all cases. 
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CO Mole fractions (dry basis) 
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Fig. 3. Carbon monoxide mole fractions on dry basis for all cases. 
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Fig. 4. Carbon dioxide mole fractions on dry basis for all cases. 
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Fig. 5. Nitrogen mole fractions on dry basis for all cases. 


3 A.4. Differences between torrefied wood and untreated wood 

Torrefied wood results in higher CO and H 2 production in com¬ 
parison to untreated wood due to higher carbon content. Char par¬ 
tial combustion, Boudouard and water-gas reactions occur with 
carbon in solid state to form CO and H 2 . 


3.2. Cold gas energy and exergy efficiencies 

Cold gas energy and exergy efficiencies of all the 27 cases are 
shown in Figs. 9 and 10, respectively. The general trends are listed 
in Table 6. It can be seen that both energy and exergy efficiencies 
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Effect of SBR on CO and H 2 (dry basis) 
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Fig. 6. Effect of SBR on the carbon monoxide and hydrogen (a) and carbon dioxide and nitrogen (b) mole fractions. 
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Fig. 7. Effect of GB Temperature on the carbon monoxide and hydrogen (a); carbon dioxide and nitrogen (b) mole fractions. 
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Fig. 8. Effect of ER on the carbon monoxide and hydrogen (a); carbon dioxide and nitrogen (b) mole fractions. 


Table 5 

Syngas composition trends with changes in SBR, GB Temperature and ER. 


Mole fractions 

Increase in SBR 

Increase in GB Temperature 

Increase in ER 

Torrefied wood (TW) vs. Wood (W) 

h 2 

Slightly increases 

Slightly decreases 

Decreases 

TW > W 

CO 

Decreases 

Slightly increases 

Decreases 

TW > W 

co 2 

Slightly increases 

Slightly decreases 

Increases 

W > TW 

n 2 

Slightly decreases 

Negligible effect 

Increases 

W > TW 
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Fig. 9. Cold gas energy efficiencies in percent for all 27 cases. 
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Fig. 10. Exergy efficiencies in percent for all 27 cases. 


decrease with increase in SBR, GB Temperature and ER, with ER 
having the most pronounced effect. Fig. 11(a), (b) and (c) shows 
the effect of process variables on these efficiencies by varying 
one of these variables and keeping the other two constant. From 
Figs. 9-11 it can also be seen that the torrefied wood has higher 
energy and exergy efficiencies than untreated wood for all cases. 
Table 7 lists the maximum and minimum values of the energy 
and exergy efficiencies for all cases. 

3.2.1. Effect of increase in SBR 

Increase in SBR results in increased C0 2 and H 2 production and 
decreased CO production. As can be seen from Table 4, standard 
chemical exergy and standard lower heating values (LHV) for H 2 
is lower than for CO and the values for C0 2 are negligible. This 
results in lower LHV and chemical exergy of the cold syngas and 
thus, lower energy and exergy efficiencies with increasing SBR. 

3.2.2. Effect of increase in GB Temperature 

With increasing GB Temperature, CO and H 2 0 production 
increases and that of C0 2 and H 2 decreases. Since H 2 0 and C0 2 
have zero LHVs and negligible standard chemical exergies, the 
increase in CO is compensated by the decrease in H 2 . End result 
is slightly lower (almost constant) energy and exergy efficiencies 
with the increase in the Gibbs reactor temperature. 


3.2.3. Effect of increase in ER 

Increase in ER results in increased C0 2 , H 2 0 and N 2 production 
and decreased CO and H 2 contents. As C0 2 , H 2 0 and N 2 have very 
low exergy and zero LHV values, reduction in CO and H 2 results 
in lower syngas chemical exergy and LHV. This results in lower 
energy and exergy efficiencies with increase in ER. 

3.2.4. Differences between torrefied wood and untreated wood 
Higher energy and exergy efficiencies for torrefied wood in 

comparison to untreated wood is mainly attributed to its higher 
carbon content, which results in higher H 2 and CO contents and 
thus higher syngas LHV and chemical exergy. 

3.2.5. Integrated torrefaction-gasification process 

Overall efficiencies of an integrated torrefaction-gasification 
process can be calculated by including the mass flow rates of the 
untreated biomass needed for the production of torrefied biomass. 
Higher mass yields in the torrefaction process will result in 
improved overall efficiencies of the integrated process. For the cur¬ 
rent study, torrefied Leucaena has 5.78% higher carbon content 
than untreated Leucaena in the ultimate analysis with torrefaction 
at 250 °C for 30 min. For similar torrefaction temperature and res¬ 
idence time and with 8.7% increase in carbon content, mass yields 
reported in the literature are around 88-90% [2,58]. By using 88% 
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Table 6 

Cold gas energy and exergy efficiency trends. 


Efficiency 

Increase in SBR 

Increase in GB Temperature 

Increase in ER 

Torrefied wood (TW) vs. Wood (W) 

Energy efficiency 

Slightly decreases 

Slightly decreases 

Decreases 

TW > W 

Exergy efficiency 

Slightly decreases 

Slightly decreases 

Decreases 

TW > W 


Effect of SBR on Efficiencies 
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Effect of GB Temperature on Efficiencies 
SBR = 0.2, ER = 0.2 
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Fig. 11. Effect of SBR (a), GB Temperature (b) and ER (c) on efficiencies. 


Table 7 

Maximum and minimum efficiencies. 


Efficiency 


% (TW) 

% (W) 

SBR 

GB Temperature (°C) 

ER 

Energy efficiency 

Maximum 

97.9 

91.0 

0.2 

1100 

0.1 


Minimum 

76.1 

67.9 

0.4 

900 

0.3 

Exergy efficiency 

Maximum 

85.8 

79.4 

0.2 

1100 

0.1 


Minimum 

68.3 

60.7 

0.4 

900 

0.3 


as torrefaction mass yield for the current study, energy and exergy 
efficiencies for the integrated process were calculated for a few 
selected cases. For all of these cases, efficiencies for the integrated 
process were found to be higher than the stand alone process with 
untreated biomass as feedstock, as shown in Fig. 12. Effects of the 
varied process parameters (SBR, GB Temperature and ER) on the 
efficiencies is similar to the stand alone biomass gasification 
process. 

Efficiencies for the torrefaction process can also be calculated 
by dividing LHV or the exergy values of torrefied biomass with 
the corresponding values for untreated biomass. With 88% mass 
yield and required torrefied biomass production for a 10 MW fuel 
input plant, energy and exergy efficiencies for the torrefaction pro¬ 
cess are 93.3% and 92.6%, respectively. Mass yields in a torrefaction 
process are highly dependent on the choice of the reactor, heat and 


mass transfer profiles, process control and the production scale. 
Reactors used at a laboratory scale may not be a good simulation 
for pilot or industry scale reactors. Therefore, overall efficiencies 
of an integrated torrefaction-gasification industrial process should 
be evaluated for a specific reactor type. 

3.3. Comparisons of results with other similar studies 

For both torrefied and untreated woods, the ranges for the mole 
fractions of H 2 , CO, C0 2 and N 2 in the 27 cases are listed in Table 8. 

Based on a literature review, it was found that there is a consid¬ 
erable lack of data for two-stage biomass gasification. The simula¬ 
tion work performed by Paviet et al. [56] is the only one that can be 
compared to the present work and the results from that study are 
listed in Table 9. Even though Paviet et al. [56] utilized different 
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Fig. 12. Effect of SBR (a), GB Temperature (b) and ER (c) on the efficiencies of an integrated torrefaction-gasification process (88% mass yield for torrefaction). 


Table 8 

Product gas composition. 


Syngas components 

Mole fraction (TW) 

Mole fraction (W) 

SBR 

GB Temperature (°C) 

ER 

h 2 

Maximum 

0.40 

0.40 

0.3 

900 

0.1 


Minimum 

0.23 

0.21 

0.3 

1100 

0.3 

CO 

Maximum 

0.42 

0.34 

0.2 

1100 

0.1 


Minimum 

0.22 

0.17 

0.4 

900 

0.3 

co 2 

Maximum 

0.09 

0.09 

0.4 

900 

0.3 


Minimum 

0.01 

0.03 

0.2 

1100 

0.1 

n 2 

Maximum 

0.36 

0.37 

0.2 

900 

0.3 


Minimum 

0.14 

0.15 

0.4 

1100 

0.1 


operating conditions in the simulation, the two-stage gasification 
is similar to this present study. 

By comparing results from Tables 8 and 9, it can be seen that the 
syngas contents are quite similar in both studies. The end results 
for H 2 , CO, C0 2 and N 2 are very comparable to both simulation 
and experimental results from Paviet et al. [56], depending upon 
the selection of process conditions from the present study. 
Recently, a few studies have utilized the concept of C-H-0 Ternary 


diagram to show the biomass gasification process with respect to 
the carbon deposition boundaries [46,59]. Fig. 13 shows the C- 
H-0 ternary diagram for the present study for one case (SBR- 
GB-ER = 0.3-900-0.2) using the calculation methods mentioned 
in the literatures [46,59]. 

In Fig. 13, point A represents untreated biomass, point B repre¬ 
sents the syngas produced from RGIBBS. Corresponding points for 
the torrefied biomass are A' and B' respectively. As can be seen, 


Table 9 

Results from Paviet et al. [56] (dry basis). 


Results from Paviet et al. 

h 2 

CO 

ch 4 

co 2 

N 2 

Simulation results (H: 18.2%, T: 1300 K, Ra: 2.53, Rh: 0.40) 

0.34 

0.26 

0.00 

0.10 

0.30 

Experimental results from two-stage gasifier DTU 

0.30 

0.20 

0.01 

0.15 

0.34 


H = Moisture content of fuel; Ra = Air/fuel mass flow ratio; Rh = Steam/fuel mass flow ratio. 
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Fig. 13. C-H-0 ternary diagram with simulation results from the present study (for 
one case). Carbon deposition boundary data from literature [59]. 

point B lies close to the carbon deposition boundaries and this is 
valid for all 27 cases tested in the present study. The line connect¬ 
ing C0 2 and H 2 0 represents complete combustion of biomass and 
in our case point B lies well above this line, thus, indicating a gas¬ 
ification process. If only air is added in the process, the process 
moves along a line connecting the biomass to the pure oxygen 
point and the optimum gasification point is where this line inter¬ 
sects the carbon boundary line for a particular temperature. How¬ 
ever, with the addition of small amounts of steam, the gasification 
point moves to point B (or B') and is slightly below the carbon 
boundary. This is because the reaction between biomass and steam 
are endothermic (water gas shift reaction) and those between bio¬ 
mass and air are exothermic (Char partial combustion) [60]. Based 
on the C-H-0 ternary diagram analysis, the present gasification 
simulation study fits very well with the underlying gasification 
theory. 

4. Conclusions 

Biomass gasification was simulated using Aspen Plus with a 
two-stage gasification model based on Gibbs free energy minimi¬ 
zation approach for comparing untreated and torrefied biomass 
as feedstocks. Model accuracy was improved by including tar, 
actual experimental decomposition yields and the compositions 
of the chars produced during pyrolysis in the evaluations. The 
model outcomes were validated by using a C-H-0 Ternary dia¬ 
gram and by comparisons with results from other similar studies. 
Three process parameters: SBR, GB Temperature and ER were var¬ 
ied. 27 cases were selected with all having carbon in the gaseous 
form for the final syngas product. It was found that the syngas 
compositions vary a lot based on the process parameters, and inlet 
conditions should be selected based on the end requirements for 
syngas. Here is the summary of results obtained from this study: 

1. Out of the three process parameters, ER had the most significant 
effect on the syngas composition, energy and exergy efficiency. 

2. Maximum energy and exergy efficiencies are achieved by oper¬ 
ating gasifier at or close to carbon deposition boundary point at 
that temperature. 

3. Torrefied biomass gives higher H 2 and CO contents and higher 
cold gas energy and exergy efficiencies than untreated biomass. 


4. Overall efficiencies of an integrated torrefaction-gasification 
process depend on the mass yields of the torrefaction process. 
Torrefaction mass yield of 88% in the present study resulted 
in better overall energy and exergy efficiencies. 

5. Simulation results from this study correlates well with the sim¬ 
ulation and experimental results from the Paviet et al. [56] 
study. 

Torrefaction of biomass does seem to have a positive effect on 
biomass gasification due to improved CO and H 2 contents. This 
effect is mainly due to the increased carbon content of torrefied 
biomass due to the devolatilization leading to relatively higher 
oxygen loss during torrefaction. This is evident from the increased 
chemical exergy of torrefied biomass as well, and this higher 
chemical exergy is utilized for improvements in syngas quality. 
As noted earlier in this study, there is considerable lack of data 
on the gasification of torrefied biomass and therefore, the authors 
recommend further studies on additional feedstocks. 
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